INTRODUCTION
The vitamin A (retinol) metabolite, all-trans retinoic acid (atRA), supports many functions of the vitamin, including cellular growth and differentiation [1] . Severe vitamin A deficiency (VAD) leads to reproductive failure in both sexes. In female rats, there is a failure of fertilization and implantation [2] , whereas in the male, spermatogenesis is blocked and most germ cells degenerate [3, 4] . Supplementation of severely VAD female rats with atRA will support fertilization, implantation, and embryonic development to at least Embryonic Day 10.5 (E10.5). The addition of retinol after this time enables the generation of normal offspring [5] , whereas the provision of low levels of atRA after E10.5 leads to a state of lateembryonic vitamin A deficiency (late VAD) [6] .
Vitamin A is obtained from the diet in the form of retinyl ester or carotenoid and is stored in tissues, primarily the liver, as an ester. Retinol is metabolized to retinaldehyde by the cytosolic alcohol dehydrogenases and microsomal retinol dehydrogenases, and it is further oxidized to atRA by retinaldehyde dehydrogenases (ALDH1A1, ALDH1A2, ALD-H1A3) [7, 8] . All-trans retinoic acid can be further converted to more polar metabolites-4-hydroxy-retinoic acid and 4-oxoretinoic acid-by a family of cytochrome P450 (CYP) enzymes: CYP26A1, CYP26B1, and CYP26C1 [9] [10] [11] [12] . Refined patterns of atRA signaling within embryonic tissues rely on the complementary expression of enzymes involved in its synthesis and catabolism. Perturbations of endogenous tissue retinoid levels, either by nutritional or genetic means, can lead to developmental abnormalities [6, [13] [14] [15] .
All-trans retinoic acid is a potent signaling molecule whose actions are mediated through binding to the nuclear retinoic acid receptors (RARs). The RAR together with the retinoid X receptor (RXR) forms a heterodimer that binds to RA response elements [16] . In the absence of atRA, the receptor heterodimer interacts with transcriptional corepressors, leading to transcriptional silencing. Upon binding of atRA, corepressors are released from the RXR/RAR heterodimer, coactivators are recruited, and transcriptional activation of target genes ensues. The generation of compound RAR-null mutants also adversely affects embryonic development [17, 18] . Thus, the regulation of atRA-responsive gene expression depends on spatiotemporally controlled atRA signaling which, in turn, is achieved through the regulation of its synthesis and catabolism.
Several studies have indicated that atRA is involved in development of both the female and male gonad. Exposure of embryonic rat ovaries in culture to atRA promotes meiotic entry [19] . In cultured murine ovaries, RAR signaling is required for the normal expression of Stra8 (stimulated by retinoic acid gene 8), an RA-responsive gene that is expressed in embryonic ovarian germ cells shortly before they enter meiotic prophase [20] . All-trans retinoic acid induces precocious expression not only of Stra8 but of two additional meiotic genes, synaptonemal complex protein 3 (Sycp3) and dosage suppressor of mck1 homolog (Dmc1), in cultured murine embryonic testes [21] . It is believed that in the male, the expression of the atRA catabolizing enzyme CYP26B1 by Sertoli cells prevents exposure of germ cells to atRA during embryonic life. This is supported by the finding that Stra8 and Sycp3 are abnormally expressed in the embryonic testes of Cyp26b1 knockout mice, and this is followed by a striking loss of male germ cells [21, 22] . Although mounting evidence supports a role for atRA in regulating germ cell meiosis, definitive evidence supporting a role in the differentiation and meiosis of germ cells in the developing ovary in vivo is still lacking.
Here, we investigate the role of atRA in the development of embryonic gonads using a nutritional model of late VAD. Using this approach, atRA deficiency of varying severity is induced during the latter part of gestation [6] . We show in VAD embryos that severe restriction of atRA does not alter germ cell and somatic cell differentiation in the testis, despite the fact that it does not descend properly. Importantly, we provide in vivo evidence that severe restriction of atRA in the developing female leads to meiotic failure of ovarian germ cells without changing germ cell number.
MATERIALS AND METHODS

Generation of Rat Embryos
Vitamin A-sufficient (VAS) and late VAD embryos supported on varying levels of atRA were generated as described previously [6] . Briefly, weanling female rats (Sprague Dawley; Harlan, Madison, WI) were depleted of vitamin A [23] and were placed back on a maintenance level of atRA (12 lg of atRA per gram of diet) for a minimum of 2 wk prior to mating. Noon of the day sperm was detected in the vaginal smear was designated Embryonic Day 0.5 (E0.5). At this time, all animals were maintained on a regimen shown to support normal development to E10.5; VAD dams received diets containing 12 lg of atRA per gram of diet from E0.5 to E8.5, and 250 lg of atRA per gram of diet from E8.5 to E10.5, which has been shown to be the amount of atRA that prevents fetal resorption [6] . At E10.5, the females were randomly assigned to three groups and treated as follows until termination: 1) the control or VAS group was fed the 12 lg of atRA per gram of diet and also received 500 IU of retinol administered daily by mouth; 2) the moderately atRA-deficient late VAD group was fed the 12 lg of atRA per gram of diet; and 3) the severely atRA-deficient group received the 1.5 lg of atRA per gram of diet.
Embryo Collection
Pregnant dams were killed on E15.5, E18.5, or E21.5 (n ¼ 4, 4, and 4 for VAS; n ¼ 6, 6, and 7 for the moderately atRA-deficient group [12 lg of atRA per gram of diet]; and n ¼ 7, 4, and 5 for the severely atRA-deficient group [1.5 lg of atRA per gram of diet], respectively). Fetuses were euthanized and placed in ice-cold PBS. Gonads were dissected and processed for RNA, immunofluorescence, and chromosome analysis as detailed below. All animal experimentation was reviewed and approved by the Institutional Animal Care and Use Committee.
RNA Extraction, RT-PCR, and Quantitative RT-PCR Analysis
Freshly dissected gonads were snap frozen in liquid nitrogen and stored at À808C. Total RNA was isolated with Trizol reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's recommendations and quantified by spectrophotometry at 260 nm. Total RNA (1 lg) was reverse transcribed with random hexamers (0.2 lg) using 30 units of avian myeloblastosis virus reverse transcriptase (Promega, Madison, WI) in a total reaction volume of 25 ll. The PCR was conducted by using 1 ll of cDNA as template in a total volume of 20 ll. Quantitative PCR studies of Stra8 were performed using the Applied Biosystems StepOnePlus Real-Time System (Applied Biosystems, Foster City, CA) with the Power SYBR Green PCR Master Mix (Applied Biosystems). Values were normalized to rat 18S rRNA expression levels. Values for Stra8 were expressed as fold change from the VAS samples. The following primer sets were used: Stra8, 5 0 -GCCCAGCGTCTGTCTAACAT-3 0 and 5 0 -TCCACAGGAGGA TCTGGTTC-3 0 ; and Rn18s (18S rRNA), 5 0 -GGGAGGTAGTGACGAAAAAT AACAAT-3 0 and 5 0 -GACTTGCCCTCCAATGGATCCTC-3 0 . The PCR product quality was monitored using post-PCR melting curve analysis at the end of the amplification cycles.
Immunofluorescence Studies
Gonads were fixed for 1 h in Bouin solution (VWR Scientific Products, West Chester, PA) and washed in PBS, dehydrated to 100% ethanol, embedded in paraffin under vacuum, and sectioned at 10 lm. At least three gonads from embryos from three independent litters were analyzed for each treatment group and time point. For immunofluorescence studies, sections were dewaxed and boiled for 10 min in 10 mM citrate buffer (pH 6.0) in a microwave oven. Sections were blocked in PBS containing 5% goat or rabbit serum and 0.1% Triton X-100 for 30 min at room temperature before staining with primary antibodies. Sections were incubated overnight at 48C with antibodies directed against anti-Müllerian hormone (AMH; also called MIS; 1:500; Santa Cruz Biotechnology, Santa Cruz, CA), 3b-hydroxysteroid dehydrogenase (HSD3B11; 1:5000; a kind gift from Dr. Anita Payne, Stanford University, Stanford, CA), insulin-like factor 3 (INSL3; 1:200; a kind gift from Dr. Stefan Hartung, University of Hamburg, Hamburg, Germany), POU5F1 (also called OCT4; 1:400; Santa Cruz Biotechnology), DEAD box polypeptide 4 (DDX4; previously called MVH; 1:2000; kindly provided by Dr. Toshiaki Noce, Mitsubishi Kagaku of Life Sciences, Tokyo, Japan), or SYCP3 antiserum (1:500; a kind gift from Dr. Christa Heyting, Wegeningen University, Wegeningen, The Netherlands). After three washes in PBS, the sections were incubated for 60 min at room temperature with goat anti-rabbit Alexa 488, goat anti-mouse Alexa 594, or rabbit anti-goat Alexa 594 (Molecular Probes, Eugene, OR) diluted 1:500. After three additional washes in PBS, slides were mounted with antifade medium (Biomeda, Foster City, CA) and analyzed using a Nikon Eclipse TE 2000-U microscope. A negative control in which the primary antiserum was omitted was included in each experiment. Serial sections were stained for DDX4 and SYCP3, with one section for DDX4 and the adjacent section for SYCP3. The total number of DDX4-labeled cells or SYCP3-labeled cells in the entire cross-section was counted under a microscope.
Chromosome Spreading, Preparation, and Immunofluorescence
For analysis of meiotic chromosomes, embryonic ovaries were removed, and chromosome spreads were prepared as described previously [24] . Slides containing chromosome spreads were subjected to immunofluorescent staining as described previously [25] . Polyclonal rabbit anti-SYCP3 antiserum (1:500) was applied overnight at room temperature. Then, slides were washed three times in PBS for 5 min each and incubated for 60 min at 378C with goat antirabbit Alexa 488 (Molecular Probes) diluted 1:500. After three additional washes in PBS, slides were prepared and analyzed as described for immunofluorescence studies.
RESULTS
VAD Results in Meiotic Failure of Germ Cells in Embryonic Ovaries and in the Interstitial Region of Embryonic Testes Without Changing the Germ Cell Number
To assess the effect of VAD on ovarian germ cell development, immunostaining for DDX4 or SYCP3 was performed on E18.5 ovarian sections. DDX4 specifically marks germ cells, and SYCP3 labels the threadlike synaptonemal complex found only in cells that have entered meiosis. Germ cell numbers in both the moderately (12 lg of atRA per gram of diet) and severely (1.5 lg of atRA per gram of diet) atRA-deficient ovaries were similar to that in the VAS ovaries (Fig. 1, A, C , and E). In contrast to VAS ovaries, in which most of the germ cells were in meiosis (Fig. 1B) , only a small number of SYCP3-labeled germ cells were found in either the moderately or severely atRA-deficient ovaries (Fig. 1, D and  F) . Quantitative analysis revealed that approximately 30% of the DDX4-positive cells in the 12 lg of atRA per gram of diet ovaries and 10% of DDX4-positive cells in 1.5 lg of atRA per gram of diet ovaries were also positive for SYCP3, and had thus entered meiosis (Fig. 1G) . Thus, in vivo, vitamin A is required for the entry of ovarian germ cells into the meiotic prophase I.
Vitamin A deficiency did not appear to adversely effect development of the embryonic testis. Similar to findings in the ovary, the number of germ cells as assessed by DDX4 antibody staining in the embryonic testis did not differ between the VAS control and the group in which atRA was most severely restricted (Fig. 2, A and B, respectively) . Furthermore, the protein expressions of AMH, HSD3B1, and INSL3 all appeared similar in the VAS and the 1.5 lg of atRA per gram of diet group testes at E18.5 (Fig. 2, C-H) , suggesting that Sertoli and Leydig cells develop normally in the severely atRA-deficient testes.
In embryonic testes, most germ cells are enclosed inside the testis cords, and these cells do not normally enter meiosis until after birth. However, a small number of germ cells also remain outside the cords in the interstitial space, and these cells have RETINOIC ACID IN RAT GONAD DEVELOPMENT 997 been reported to enter meiotic prophase during embryonic life at about the same time as germ cells do in the embryonic ovary [26, 27] . It has been proposed that germ cells outside the cord are exposed to atRA and are stimulated to enter meiosis, whereas those inside the cord do not because the activity of CYP26B1 eliminates the atRA. In the present study, as expected, a few germ cells in the interstitial region in VAS testes were found to have entered the meiotic prophase, as assessed by the expression of SYCP3 (Fig. 3 , A and C, white arrowheads). In contrast, no meiotic germ cells in or outside of the cord were observed in the 1.5 lg of atRA per gram of diet group testis (Fig. 3, B and D) . This supports the conclusion that the gonads of fetuses treated in this fashion were deficient in vitamin A, and that the vitamin is required for male germ cells in the interstitial space to enter meiosis.
Stra8 Levels Are Decreased in Embryonic Ovaries of VAD Rats
Stra8 is an RA-responsive gene [28] that in the female is exclusively expressed in premeiotic germ cells shortly before they enter the meiotic prophase [29] . Studies of Stra8-null mutants show that it is required for embryonic ovarian germ cells to initiate the meiotic program [30] . In the mouse, Stra8 is robustly expressed at E13.5, the embryonic day that corresponds to E15.5 in the rat. Quantitative PCR analysis of Stra8 mRNA at E15.5 in ovaries from the VAD groups showed it was reduced by approximately 50% in the 12 lg of atRA per gram of diet group and was nearly absent (90% reduction) in ovaries from the 1.5 lg of atRA per gram of diet group compared with expression in the VAS control group (Fig. 4) . This shows that vitamin A is required for the normal induction of Stra8 in ovarian germ cells in vivo. The dose-dependent reduction in Stra8 mRNA also confirms the difference in 
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Germ Cells in VAD Ovaries Remain Undifferentiated
In embryonic ovaries, the expression of the POU transcription factor, POU5F1, is downregulated as germ cells enter meiosis [31] . For this reason, we determined whether any POU5F1-positive cells were present in the ovary at E18.5, a time when most germ cells should normally have undergone meiosis I. As expected, no POU5F1-immunopositive cells were evident in VAS ovaries at E18.5 (Fig. 5A) . In contrast, many POU5F1-immunopositive cells were observed in the atRAdeficient ovaries (Fig. 5B) , suggesting that the germ cells remained undifferentiated. This shows that VAD does not have a global detrimental effect on ovarian development, but rather prevents the entry of the majority of germ cells into meiosis.
Ovarian Germ Cells That Enter Meiosis Progress Through Meiotic Prophase
We next sought to determine whether the few germ cells in the late VAD group ovaries that do enter meiosis can ultimately progress through meiotic prophase. To answer this, chromosome spread preparations from E21.5 were stained with an antibody to SYCP3 to differentiate between the germ cells at different meiotic stages [32] . For the limited number of meiotic germ cells at E21.5 that were present in the ovaries of the 1.5 lg of atRA per gram of diet group, some had reached the pachytene stage (Fig. 6A) , whereas others had progressed to diplotene stage, with looped synaptonemal complex-labeled threads (Fig. 6B ). This suggests that atRA is required for the entry into meiosis but may not be needed or is needed only in small amounts to support progression through the subsequent stages of meiosis I.
DISCUSSION
In the present study, we have shown there is meiotic failure of germ cells in VAD embryonic ovaries, and that the vitamin A metabolite, atRA, can at least partially rescue this process. In the past, there was controversy about whether the developing ovary entered the meiotic prophase spontaneously or whether germ cells were induced to do so by the surrounding tissue [33] . Based on tissue culture studies, it has been proposed that atRA produced by the mesonephros serves as the signal that initiates the entry of female germ cells into meiosis I [21] . The present study provides the first in vivo evidence that vitamin A is required for the normal onset of meiotic prophase in ovarian germ cells. Unlike the situation in the female, male germ cells do not enter meiosis during embryonic life [34] . Germ cells in the testis cord are protected from retinoid exposure by the action of CYP26B1 produced by Sertoli cells at the periphery of the testis cords, and thus they do not enter meiosis until puberty. The observation that increased endogenous RA levels in embryonic testes of Cyp26b1 knockout mice induces meiotic prophase in male germ cells at a time when it should not normally occur supports this conclusion [22] . By contrast, in the female gonad, the expression of CYP26B1 is downregulated coincidentally with entry into the meiotic prophase [21] . Taken together with the loss of meiotic cells in VAD ovaries and the finding of a greater number of meiotic cells in the group receiving the higher level of atRA (12 lg of atRA per gram of diet group), the current data strongly support the idea that atRA is the meiosis-inducing factor in females.
During fetal life, meiotic germ cells are observed not only in the ovary but also in other regions, such as the interstitium of the testis, the mesonephric region, and adrenals [26, 35] . Primordial germ cells in both the male and female embryo normally migrate from the position of the primitive streak to colonize the genital ridges. Most primordial germ cells pass through the mesonephric region of the urogenital ridge and enter the genital ridge and, ultimately, colonize the ovary and testis cords. However, during this migration, a small fraction of germ cells mistakenly colonize other regions, and in the male, a small number of these cells are found outside the cords, near the connecting rete. These ectopic germ cells have been shown to follow the female pathway of development and enter meiosis before birth. Thus, as expected, in normal VAS male embryos, although there are no meiotic cells within the testis cords, a few germ cells entering meiosis are observed outside the testis cords. In contrast, no meiotic germ cells are found outside the cord in the RA-deficient testis, also supporting the idea that RA must be present to induce meiosis in this region.
In late VAD male rats, a high incidence of testicular maldescent is observed [6] . Interestingly, both germ and somatic cell development appears normal in the male gonad of severely atRA-deficient embryos, despite the ectopic location of the testis. Male mice lacking the Leydig cell hormone, INSL3, exhibit failure of testis descent due to abnormal gubernaculum development [36] . We show that the expression of the INSL3 protein is similar in both VAS and late VAD testis, indicating that the failure of testis descent in the atRAdeficient embryo is not associated with alterations in this growth factor, although we cannot rule out the involvement of other components of this pathway.
In the female, the first morphological evidence of sexspecific germ cell development occurs when the germ cells stop proliferating and enter the prophase of the first meiotic division. They then progress through leptonema, zygonema, pachynema, and diplonema and arrest prior to birth. In atRAdeficient embryonic ovaries, we observed that although the normal germ cell complement is present, the majority of cells fail to enter meiosis, as evidenced by a lack of immunostaining for SYCP3, a marker for chromosome condensation that occurs at the onset of the leptonema stage of meiosis. Furthermore, at a time (E18.5) when most of the germ cells should have entered meiosis, the expression of POU5F1, a marker of pluripotency, is maintained. The commitment of ovarian germ cells to meiosis is normally associated with the downregulation of the Pou5f1 gene [31] . Thus, it appears that atRA-deficient germ cells never enter meiosis I and remain undifferentiated. The completion of meiosis I and the entry into meiosis II do not occur until ovulation, and it is during the process of fertilization that oocyte meiosis II is completed. It is interesting to note that in 1928, Evans [2] reported the presence of degenerate eggs in the oviduct of severely VAD female rats. Between 1 and 3 days after the finding of sperm in these animals, there was never any evidence of blastogenesis, suggesting that atRA might also be needed for oocytes to enter and/or complete meiosis II.
In embryonic VAS ovaries, meiotic entry of germ cells is accompanied by a marked increase in Stra8 gene expression, whereas in VAD ovaries, this gene is not induced, and meiotic failure takes place. In ovarian germ cells of Stra8-null mutant mice, the onset of meiotic prophase is blocked because of the failure to undergo premeiotic DNA replication [30] . Therefore, it is possible that meiotic failure in atRA-deficient ovaries is due, at least in part, to the lack of Stra8 expression in these germ cells in which atRA signaling is lacking. The Stra8 gene was first identified as an RA-responsive gene in P19 embryonal carcinoma cells [37] , and it is exclusively expressed in germ cells of embryonic ovaries [29] and postnatal testes [28, 38] . A recent study has indicated that Stra8 is also required to initiate meiosis in germ cells of male mice [39] , although the analysis of a second Stra8-deficient line of mice shows that male germ cells can enter meiosis but fail to complete the process [40] .
Studies of cultured THY1
þ gonocytes/spermatogonia indicate that at least in the male, atRA acts directly on the germ cell to induce Stra8 [41] . Further study is needed to determine whether atRA acts cell autonomously to affect female germ cell differentiation and to determine how atRA and its receptors initiate the expression of Stra8 at the molecular level.
In summary, this work shows that in vivo, vitamin A is required for female germ cells to undergo meiosis I. Embryos that are severely deficient in atRA have a normal complement of germ cells but express nearly undetectable levels of Stra8, an atRA-responsive gene required for the onset of the meiotic prophase. In contrast, a subset of cells undergo meiosis in VAD embryos supplemented with a higher level of atRA, supporting the proposal that atRA is an important meiosis-inducing factor in the developing female gonad.
